Abstract--Adsorption isotherms for water on homoionic (Ca 2 § Li § Na § and K +) exchanged forms of Crook County, Wyoming, montmorillonite (CMS Source Clay SWy-1) were measured between 25 ~ and 700C using a vacuum microbalance having automated control of water vapor pressure. From these adsorption data, integral enthalpies and entropies of adsorption were calculated. Both quantities were negative, but decreased in magnitude with increasing amounts of adsorbed water. For all four cationic forms of the clay, the amount of initial water adsorption at 25~ and at low relative humidities was sensitive to the sample temperature during prior evacuation of water, less water being adsorbed by samples evacuated at 100~ compared with samples evacuated at 25 ~ For Ca-and Na-montmorillonite, these changes were reversible after several subsequent desorption/adsorption cycles, but recovery was not observed for the Li-SWy-1 clay, probably because of migration of Li § into the aluminosilicate structure.
INTRODUCTION
During hydrocarbon exploration and production, serious problems are often encountered in smectite-rich mudrocks. These problems include borehole instability, commonly associated with the uptake of water by smectites from drilling fluids (Cheatham, 1984) , and pore fluid pressures significantly greater than hydrostatic values. High pore-fluid pressures may be wholly or partly caused by water released during the diagenetic conversion of smectite to illite under deep burial conditions (Powers, 1967) . Hydrated smectites may also strongly influence the stability of strike-slip faults in earthquake zones (Bird, 1984) . A greater understanding of these and other natural phenomena requires a more detailed characterization of the state of hydration of smectites at elevated pressures and temperatures. Such a characterization should account quantitatively for the influence of stress, temperature, and pore fluid pressure and composition on the state of hydration.
An attempt to explore the PT phase diagram directly for the hydration of homoionic calcium montmorillonite by monitoring the fluid pressure change associated with the dehydration is reported elsewhere (Hall et al., 1986) . The method detected no change in the state of hydration at elevated pressures (<20,000 psi) to the maximum temperature investigated (185~ These results are in accord with high-pressure XRD studies by Colten (1986) , which showed no collapse of the basal spacing in a bilayer hydrate of sodium montmorillonite <200~ and pressures ---6700 psi. Recent high-pressure differential thermal analysis data obtained by Koster van Groos and Guggenheim (1984, Present address: Astromed Ltd., Cambridge Science Park, Milton Rd., Cambridge CB4 4GS, United Kingdom. 1986, 1987) showed two dehydration reactions for natural (mixed ionic, Na-rich) and homoionic K-, Ca-, and Mg-montmorillonite. These reactions were separated typically by 600-80~ in temperature, the higher temperature reaction usually giving rise to a shoulder on the more intense lower-temperature peak. At elevated pressures both peaks strongly shifted to higher temperatures, e.g., the lower temperature peak in Camontmorillonite increased from 177~ at 1 bar to 289~ at 21.8 bars, and ~400~ at 100 bars. For each ionic form of the clay the enthalpy change associated with the second, higher temperature dehydration reaction was significantly larger than that associated with the lower temperature reaction. For example, for Camontmorillonite the values were about 12 and 23 kJ/ mole for the first and second peaks, respectively.
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The thermodynamic parameters (enthalpy and entropy of adsorption) that determine the range of stability of hydrated montmorillonites may also be obtained from water adsorption or desorption isotherms measured over a range of temperatures. Although extensive data already exist (e.g., Mrring, 1946; Mooney et al., 1952a Mooney et al., , 1952b M&ing, 1954, 1968; Zettlemoyer et al., 1955; Barshad, 1960; Fripiat et al., 1965; Kijne, 1969; Shainberg, 1975, 1979; Ormerod and Newman, 1983) , and some workers have evaluated the thermodynamic parameters, most of these studies were made using materials that are not now readily available. Moreover, the range of temperatures and/or vapor pressures covered by most of the available data is too limited to attempt a reliable extrapolation of the derived thermodynamic parameters up to the dehydration temperatures of the clay.
In this paper we report data obtained for the adsorption of water by homoionic preparations of mont- Olphen and Fripiat, 1979) at temperatures as high as 70~ This clay was used in all of the high-pressure studies cited previously. From the adsorption isotherms, integral enthalpies and entropies of adsorption and estimated dehydration temperatures were calculated; these data are discussed in the context of the range of stability of hydrated smectites in sedimentary environments.
SAMPLES AND EXPERIMENTAL METHODS
The present studies were conducted using the automated vacuum microbalance system illustrated schematically in Figure 1 . The microbalance, manufactured by C. I. Electronics Ltd., Salisbury, United Kingdom, has a total capacity of 1 g and a measuring range of 100 mg after electronic taring. It is connected by two wide-bore vertical glass tubes into a stainless steel vacuum manifold equipped with a conventional two-stage (diffusion and rotary) pumping system having a liquid nitrogen cold trap. The vacuum system and manifold was constructed by CVT Ltd. Milton Keynes, United Kingdom. By pre-baking the metalwork, vacuums as low as 10 7-10-8 mbar could be routinely achieved, typically in 2-3 days. One of the vertical glass tubes contained a small oven in which the sample was suspended. The oven was maintained at a constant temperature between ambient and 150~ -+ ~0. I~ by a Eurotherm three-term temperature controller and two type-K thermocouples, one in physical contact with the oven and the other sensing temperatures in the vicinity of the sample pan.
After isolation of the evacuated system, a pre-selected vapor pressure was established via a flask containing de-aerated deionized water in communication with two pairs of miniature electro-pneumatic valves. The sequential operation of either pair of valves permitted the injection of a metered dose of water vapor into the vacuum manifold. The two dosing volumes differed by a factor of 10, permitting coarse and fine pressure adjustment. The smaller dosing volume was about 5000 times smaller than the manifold volume. For an ambient temperature of 20~ at which the saturated vapor pressure of water is about 18 Tort (24 mbar), this permits a minimum vapor pressure increment of 4 #bar (3 x 10 -3 Torr). The vapor pressure in the manifold was sensed by two MKS Baratron absolute pressure transducers, covering low and high vapor-pressure ranges (as much as 1 and 100 Torr, respectively).
The vacuum manifold and dosing system were at ambient laboratory temperature, so that the maximum attainable water vapor pressure corresponded to the saturated vapor pressure of water at this temperature. This limitation implies that only partial isotherms (in terms of the range of relative vapor pressures) were measurable at elevated sample temperatures. Also, the automatic dosing system was only capable of measuring adsorption rather than desorption isotherms. One advantage of the system was that extremely small vapor pressures could be accurately measured and maintained, which helped in calculating thermodynamic parameters, such as enthalpies and entropies of adsorption, especially at lower water contents.
The apparatus was controlled by a Solartron Orion Delta data logger, which monitored the two thermocouples, an ambient temperature sensor, the two Baratrons, and the microbalance control unit, and delivered control signals to four metering valves. In practice, during the recording of an isotherm, after initial establishment of each chosen vapor pressure it was necessary to add make-up doses of water vapor regularly because adsorption reduced the pressure below its lower tolerance level. More details of the apparatus and methodology were reported by Astill et al. (1987) .
The Crook County, Wyoming, montmorillonite (sample SWy-1, from the Source Clays Repository of The Clay Minerals Society) was described by van 01-phen and Fripiat (1979) . Samples of the "as received" clay were converted from the natural, mixed cationic form to homoionic Ca-, Li-, Na-, and K-exchanged forms in the following manner. The raw clay was suspended in deionized water and separated from coarser, silt-sized impurities of particle size ->2 #m e.s.d, by sedimentation or centrifugation. A chromatographic column having an internal volume of 300 ml was packed with 20-50-mesh beads coated with Biorad AG MP-50 macroporous cation-exchange resin. The resin was obtained as the hydrogen form and was converted to the required cationic form by passing a fourfold excess of a 1 M solution of the appropriate chloride through the column, followed by sufficient deionized water until a negative chloride test was obtained using acidified AgNO3 solution. The total cation-exchange capacity of the packed column was ~ 500 meq.
Four aliquots of 1% w/v aqueous suspensions were prepared, each containing 5 g of -< 2-#m-size clay on a dry-weight basis. Each was passed three times through a column saturated with a particular cation (Ca 2+, Li +, Na +, or K+). The cation-exchanged products were oven dried at 50~ and gently crushed with a pestle and mortar. The cationic contents of the clays were measured by means ofa DIONEX ion chromatograph system using the ammonium displacement method. The initial -<2-~tm-size SWy-1 clay was found to have a total CEC of 81 meq/100 g, comprising 48 meq of Na +, 1.2 meq of K +, 20 meq of Ca 2+, and ll meq of Mg 2+. Data tabulated by van Olphen and Fripiat (1979) indicate a mean CEC of ~ 76 meq/100 g for the untreated specimen (i.e., including silt-sized impurities). Analyses of the four cation-exchanged samples showed that the Ca 2+ form contained more than 98% calcium and only a small amount of magnesium, but that the monovalent clays were less completely (85-90%) exchanged.
Isotherms were recorded starting typically with ~ 70 mg dry clay. For the Ca-, Li-, and Na-montmorillonites, isotherms were measured at four temperatures ranging from 25 ~ to 70~ For K-montmorillonite, isotherms were measured at 25 ~ and 40~ only, due to the limited extent of adsorption at elevated temperatures. For each of the four exchange forms the isotherms at 25~ were recorded on samples maintained at both 25 ~ and 100~ during evacuation-baking of the manifold, in the second case after waiting for the necessary cooling to take place prior to measurement of the water uptake. The initial water uptake after baking the sample at 100~ was found to be substantially lower (see Results and General Discussion section).
CALCULATION OF THERMODYNAMIC PARAMETERS
Adsorption isotherm measurements at different temperatures permit the changes in the thermodynamic properties of the system due to the adsorption process to be evaluated. In the conventional approach, a onecomponent (adsorbate) system is assumed, the substrate being assumed to be inert, so that derived enthalpies and entropies of adsorption formally represent the changes in the properties of water between the bulk liquid and the adsorbed state (Hill, 1949 (Hill, , 1950 Hill et aL, 1951) . As pointed out by a number of previous workers (e.g., van Olphen, 1965; Keren and Shainberg, 1980; Sposito and Prost, 1982) , however, for smectites the "inert substrate" assumption is certainly not valid. This implies that the values of any thermodynamic parameter computed from isotherms or calorimetric data must represent the overall effect of water sorption, parting of the unit layers, and changes in relative position between the layers and the exchange ions.
From adsorption isotherms recorded at different temperatures, either differential or integral enthalpies and entropies of adsorption may be obtained. All four may ultimately be obtained from the Clausius-Clapey-ron Water Vapor Pressure (Torr)
Adsorption isotherms for water on Ca-SWy-1 montmorillonite at 25 ~ 40 ~ 55 ~ and 70~ equation by evaluating terms of the type 0 In p/O0/T), where p is the equilibrium vapor pressure and T the absolute temperature. Hill (1949 Hill ( , 1950 pointed out that for an inert substrate the true integral equilibrium enthalpy and entropy changes, here denoted AH and AS respectively, are those that are computed at constant spreading pressure, rather than the differential or isosteric quantities (which are evaluated at constant gravimetric water content). See also van Olphen (1965) for a discussion of the relationship between these quantities.
The spreading pressure, ~b, is defined by the equation
where R is the gas constant, M is the molecular weight of the adsorbate, A is the specific surface area of the substrate, and r is the gravimetric water content (g H20/g dry clay) (Keren and Shainberg, 1980) . Physically, r represents the difference in the surface tension between dry and wet systems. For the SWy-1 clay, van Olphen and Fripat's (1979) specific surface area of 663 m2/g was used in the calculations. Although the thermodynamic parameters are evaluated at constant values of r they are independent of the absolute values of ~. Thus, any variation of A with cation type will have no effect on the calculated thermodynamic quantities, since for each cation-exchange form any error in A will change at each temperature by the same factor. The isotherm at each temperature gives 0 as a function of p, from which r may be computed as a function of p using Eq. (1). By determining the vapor pressure ratios x, and x2 corresponding to constant values of for isotherms at absolute temperatures TI and T2, the required thermodynamic functions were given by (Hill, 1949 (Hill, , 1950 Hill et al., 1951) :
and
In the present study, the values of r were calculated by performing the integral in Eq. (1) where AH is the change in enthalpy per mole of material changing phase (Moore, 1972) . A plot of In p vs. 1/T should therefore be linear and of gradient -AH/R. For the liquid/vapor phase change of bulk water, AH represents the enthalpy of vaporization or condensation. For the adsorption of water vaper by a solid substrate, AH represents the net enthalpy change in going fron bulk vapor to adsorbed liquid. This may be considered as two stages: (1) vapor to bulk liquid, and (2) bulk liquid to adsorbed liquid, so that AH now represents the sum of the enthaIpy of condensation and the enthalpy of adsorption. This means that a plot of In p vs. 1/T from adsorption isotherm data recorded at different temperatures will have a different slope from the plot for bulk water. The temperature at which the two plots intersect is that above which the hydrated phase of the solid will not occur, even in the presence of a saturated vapor, i.e., the thermodynamic equilibrium dehydration temperature of the hydrated substance.
RESULTS AND GENERAL DISCUSSION
Adsorption isotherms for the four homoionic exchange forms of the SWy-1 montmorillonite are illus- Water Vapor Pressure (Torr) Figure 5 . Adsorption isotherms for water on Na-Swy-I montmorillonite at 25", 40 ~ 55", and 70~ trated in Figure 2 . Monovalent cation-exchange forms show increasing water adsorption in the order K < Na < Li, i.e., in the order of increasing ionic polarizability or charge:size ratio. These data graphically illustrate the influence of the process of cation hydration on the degree of water uptake by montmorillonite. At a relative vapor pressure P/P0 < 0.7, the Caexchanged clay has a larger water content for a given P/Po than any of the monovalent exchange forms. Isotherms for both the Ca-and Li-exchanged forms show inflections at values of P/Po of ~ 0.2 and ~ 0.5, respectively, in line with previous data (Mooney et al., 1952b) . The variation of water adsorption with temperature between 25 ~ and 70~ is illustrated for the Ca-, Li-, and Na-exchanged forms in Figures 3, 4 , and 5 respectively. Figure 6 illustrates the adsorption isotherms for K-montmorillonite at 25 ~ and 39~ the only two temperatures for which data were obtained. Table 1 lists values for the saturated vapor pressure of water at 25 ~ 40 ~ 55 ~ and 70~ to enable the data to be interpreted in terms of relative vapor pressures P/P0- Figures 7 and 8 show the dependence of the integral enthalpy and entropy of adsorption on gravimetric water content for the Na-, Li-, and Ca-SWy-l-montmorillonite, compared with the data of Keren and Shainberg (1980) for the Ca-and Na-exchanged forms of the API No. 25 Wyoming bentonite. All sets of values of the enthalpy change AH are negative, corresponding to exothermic hydration reactions, and also decrease in magnitude with increasing water content. Our values Jl Tow = l mmofmercury= 0.1334 kN/m 2.
for Na-montmorillonite at lower water contents are somewhat more negative (i.e., larger absolute values) than those derived by Keren and Shainberg, the two sets of data becoming closer at slightly higher water contents. Conversely our values for the Ca-SWy-1 clay are less negative than Keren and Shainberg's values; however, in both sets of data AH decreases more sharpen with increasing water content for Na-montmorillonite than for Ca-montmorillonite. At low water contents, the enthalpy change for Limontmorillonite is comparable to that for Na-montmorillonite, whereas at somewhat higher water contents (30-65 mg) water/g clay) the enthalpy change for the Li clay is substantially higher. This may be interpreted in the following manner. Below a relative vapor pressure P/Po ~ 0.1, both Na-and Li-montmorillonites are fully collapsed (MacEwan and Wilson, 1980) , so that the initial adsorption of water occurs at external siloxane surfaces, which are similar for both samples. At higher water contents, at which the effects of cation hydration come into play, the enthalpies of adsorption are greater for Li than for Na, consistent with the stronger polarizability of the smaller Li cations (ionic radii: Li = 0.60/k; Na = 0.95 A). Water Content (mg/g clay) 250 Figure 7. Change of integral enthalpy for water adsorption by Ca-, Li-, and Na-Swy-1 rnontmorillonite as a function of gravimetric water content, compared with the data of Keren and Shainberg (1980) for Ca-and Na-exchange forms of Wyoming (API 25) montmorillonite. Water Content (mg/g clay) Figure 8 . Change of integral entropy for water adsorption by Ca-, Li-, and Na-SWy-1 montmorillonite as a function of gravimetric water content, compared with the data of Keren and Shainberg (1980) for Ca-and Na-exchange forms of Wyoming (API 25) montmorillonite.
From the known cation-exchange capacity of 81 meq/ 100 g and the gravimetric water content the numbers of adsorbed water molecules per exchange ion may readily be calculated. For the Ca-SWy-1 clay our data gave values of AH of the order of 25, 15, and 12 kJ/ mole at water contents of 3, 6, and 9 molecules per exchange cation, respectively. These values may be compared with Koster van Groos and Guggenheim's (1987) values of ~ 12 and 23 kJ/mole for the first and second dehydration reactions, respectively, from their high-pressure differential thermal analysis data. At a water content corresponding to 3 molecules per monovalent exchange ion, values of AH of ~ 15 and 30 k J/ mole for Na-SWy-1 and Li-SWy-1 were obtained, respectively. The former is between the values of AH for the first and second dehydration reactions of Na-rich SWy-1 montmorillonite (Koster van Groos and Guggenheim, 1986) .
All integral entropy changes AS were also found to be negative consistent with an increase in the degree of ordering of the system due to the adsorption process, as concluded by Keren and Shainberg (1980) and other workers. The trends are qualitatively very similar to the enthalpy data. The reasons for the differences between the thermodynamic parameters for the Ca-exchanged forms of the API No. 25 and SWy-1 montmorillonites is not clear. Apart from the fact that the API No. 25 clay has a cation-exchange capacity (~90 meq/100 g) slightly greater than that of the SWy01 montmorillonite, they are otherwise similar.
The influence of pre-drying temperature on the 25~ adsorption isotherm of the Ca-, Na-, and K-clays is illustrated in Figure 9 . For each exchange form, at lower relative humidities less water is adsorbed at a given relative humidity on the clay previously dried at 100~ at high vacuum. At higher relative humidities each pair of isotherms tend to converge. These results are probably due to a temporary loss of some of the more energetic adsorption sites, probably associated with the removal of the last traces of water and the embedment of cations into the ditrigonal cavities of the siloxane surface. At greater P/Po values, corresponding to more extensive cation hydration, the adsorption capacity apparently never recovered. For the Ca-clay the recovery of adsorption capacity was only obtained after a number of additional desorption/adsorption cycles at 25~ (see Figure 10 ). An initial 25~ isotherm was recorded after vacuum drying at 100~ The sample was reevacuated at 25~ after which a second 25~ isotherm was recorded. The original isotherm was not followed, and several more cycles of wetting and re-drying under vacuum at 25~ were necessary before the adsorption isotherm was reproduced exactly and coincided with the isotherm of the unbaked clay. A similar cyclic recovery of adsorption capacity was observed also for the Na-exchanged clay.
The reasons for the loss and subsequent recovery of adsorption capacity are not entirely clear, but may be associated with slow rehydration of cations strongly bonded directly to oxygen atoms of the siloxane surfaces. Our data support a hysteresis in the heats of wetting of montmorillonite at low P/P0, as observed by Zettlemoyer et al. (1955) . Qualitatively similar results were also obtained by van Olphen (1969) in studieson the dependence of baking temperature on water adsorption by Mg-vermiculite.
In the present study, for Li-montmorillonite a large difference in water uptake between samples pre-baked at 25 ~ and 100~ was observed, which appeared to be largely irreversible (see Figure l 1 ), at least over one subsequent cycle of desorption and adsorption. The irreversibility was probably due to thermally activated migration of the smaller Li + cations from the interlamellar space into vacant Al octahedral sites (Hoffmann Figure 9 . Influence of evacuation temperature on the 25~ adsorption isotherms for Ca-, Na-, and K-SWy-1 montmorillonite. Figure 10 . Recovery of water adsorption capacity by CaSWy-1 montmorillonite at 25~ after initial evacuation at 100~
and Klemen, 1950). Whether or not such phenomena were reversible, they clearly exerted a marked effect on the shape of the water adsorption isotherm. Variability of thermal treatment of the sample should therefore be avoided. The predicted dehydration temperatures for the Ca-, Li-, Na-, and K-exchanged SWy-1 montmorillonite in the presence of deionized water were estimated from van't Hoffplots, described by Eq. (4) above. The clay-water data were obtained for an arbitrary small water content of 20 mg/g of dry clay. Values for the saturated vapor pressure of bulk water as a function of temperature were taken from Kaye and Laby (1973) . The predicted dehydration temperatures are all in the range 170~176
and decrease in the order Ca > Li > Na > K. These values agree reasonably well with dehydration temperatures from ambient pressure differential thermal analysis data (van Olphen and Fripiat, 1979; Koster van Groos and Guggenheim, 1987) .
The results, together with the high-pressure X-ray powder diffraction studies of Colten (1986) and the high-pressure differential thermal analysis work of Koster van Groos and Guggenheim (1984 , 1986 suggest that the thermal stability of the last two interlamellar water bilayers in montmorillonite is greater than the typical temperatures at which smectite disappears and diagenetic illite forms. Thus, as discussed by Hall et al. (1986) , in most sedimentary rocks the loss of the last two interlamellar water layers from smectites is most probably normally associated with the process ofillitization, usually at a temperature substantially below the thermodynamic dehydration temperature of smectite. The thermodynamic considerations provide an upper stability limit for hydrated montmorillonite, which might conceivably be approached in hot but relatively young sediments, e.g., in hydrothermal environments, in which there has been insufficient time for illitization to have occurred, or where the illitization has been kinetically hindered, as, e.g., in K-poor environments.
Care should, however, be exercised in extrapolating these results to real subsurface geological environments for a number of reasons. Either pore fluid pressures significantly lower than lithostatic pressures or high pore fluid salinites significantly reduce the Gibbs free energy of pore water relative to the interlayer water of the smectite, and, hence, lower the equilibrium temperature for dehydration. Nevertheless, it may be tentatively concluded that, in K-poor sedimentary environments, hydrated montmorillonite is likely to be stable over most of the ranges of stresses and temperatures normally encountered.
SUMMARY
Adsorption isotherms for water on Ca-, Li-, Na-, and K-exchanged forms of SWy-1 Wyoming montmorillonite recorded at temperatures up to 70~ dif- fered markedly with cation type. Isotherms recorded at 25~ were influenced by the temperature of the sample during initial vacuum desiccation. For the Ca-and Na-exchanged forms, these changes were found to be reversible after several further desorption/adsorption cycles, but reversibility was not achieved for Li-montmorillonite, probably due to migration of the Li + ions into vacant octahedral sites. For the Ca-, Li-, and Na-clays the integral entropies and enthalpies of adsorption were negative, but decreased in magnitude with increasing gravimetric water content, in qualitative agreement with earlier data (e.g., Keren and Shainberg, 1980) . Calculated thermodynamic dehydration temperatures were in the range 170-265~ well above the usual temperature range of the smectite-to-iUite transformation, suggesting that the latter process probably controls the loss of the interlayer water from smectites under deep-burial conditions.
